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Geodynamic settingWe examined the geochronology, petrology, and geochemistry of the two-stage Guikeng pluton, Wuyi
Mountain Range, South China, with the aim of assessing the inﬂuence on Indosinian magmatism in South
China of collision/amalgamation between the Sibumasu Block and the Indo-China and South China blocks,
and between the North China and Yangtze blocks. An additional aim was to summarise the characteristics
and geodynamic evolution of Indosinian magmatism in South China. The Guikeng pluton was then compared
with the Indosinian Fucheng–Hongshan and Shiwandashan–Darongshan plutons in the Wuyi–Yunkai
Mountain Range Belt, two groups of Indosinian granites in Hunan Province (South China Inland Belt), and
Indosinian granitoids in the Sulu–South Korea Belt.
The Guikeng pluton consists of medium- to ﬁne-grained biotite monzogranites and biotite granites in its mar-
ginal belt, medium- to coarse-grained K-feldspar phenocryst-rich biotite granites in its interior part, and late-
stage ﬁne-grained muscovite granites. The granites have high Rb, Cs values, (87Sr/86Sr)i, and Rb/Sr ratios, low
Sr, Ba, and εNd(t) values, and slightly to moderately negative Eu anomalies. These geochemical characteris-
tics suggest that the granites were derived from late Paleo-proterozoic meta-sedimentary basement (1.7–
2.0 Ga).The rocks of the marginal belt and the main part of the pluton originated from two distinct magma
sources. The ﬁne-grained muscovite granites were produced by intensive differentiation of K-feldspar pheno-
cryst-rich biotite granites. The granites from the marginal belt and the main part of the pluton yield SHRIMP
U–Pb zircon ages of 234±3 and 220.4±3 Ma, respectively, consistent with early and late Indosinian magma-
tism in South China. The early Indosinian metaluminous to weakly peraluminous foliated biotite granites
were formed in a collision/compressional setting, whereas late Indosinian strongly peraluminous massive
granites were formed in a post-collision setting.
The rock assemblage, source region of Indosinian granites, and tectonic setting differ between South China
and Sulu–South Korea, indicating the metamorphic basement of the Ogcheon Metamorphic Belt in North
China is different to that of the Nanhua Rift in South China.gy and Mineral Resources, 534
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Indosinian granites occur in South China, mainly in Guangxi,
Hainan, Guangdong, Jiangxi, Fujian, and Hunan provinces, with a
total exposed area of 21,000 km2, which represents 12.3% of the ex-
posed area of granites in South China (Sun, 2006). Recent studies of
Indosinian magmatism in South China suggest that Indosinian gran-
ites in the region are strongly peraluminous (A/CNKN1.1; Deng etal., 2004; Qing et al., 2007; Sun et al., 2005; Wang et al., 2005a,
2005b; L.J. Wang et al., 2007; Y.J. Wang et al., 2007; Yu et al., 2007).
A statistical analysis of high-precision geochronological data from
Indosinian granites revealed two age clusters (243–228 and 220–
206 Ma), corresponding to the early and late Indosinian, respectively
(Li, 1994; Ma et al., 2005; Wang et al., 2003; L.J. Wang et al., 2007;
Y.J. Wang et al., 2007). The nature of the heat supply in the region
showed a marked change at ~225 Ma (Guo et al., 1997; L.J. Wang et
al., 2007; Yu et al., 2007), and evidence for a small-scale magma
underplating event during the late Indosinian (224–204 Ma) has
been reported from southern Hunan Province (Guo et al., 1997). The
tectonic setting of these rocks remains debated (Li et al., 2005; Li
and Li, 2007; Ren, 1991; L.J. Wang et al., 2007; Yu et al., 2007; Zhou,
2003; Zhao et al., 2006).
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537J. Mao et al. / Lithos 127 (2011) 535–551South China is composed of three continental blocks (i.e., North
China (Sino–Korean), Yangtze, and Cathaysia) and can be connected
with the Qinling Orgenic Belt by the Tancheng–Lujiang Fault and with
the North China Block by the Dabieshan (southern fringe) Fault
(Fig. 1a, b). The Yangtze and Cathaysia blocks are separated by the
Shaoxin-Pingxiang-Chenzhou-Hepu Fault (Fig. 1b). The western part
of South China was affected by the ﬁnal closure of the Tethyan Sea and
by collision between the Indian and Eurasian plates, while the eastern
part of South China has been an area of intensive interaction between
the western Paciﬁc Plate and the Eurasia Plate since the Mesozoic.
To examine the inﬂuence on Indosinianmagmatism in South China of
collision/amalgamation between the Sibumasu block and Indo-China
and South China, aswell as between theNorth China and Yangtze blocks,
and to further summarise the characteristics and geodynamic evolution
of Indosinian magmatism in South China, we analysed the Guikeng
pluton within the Wuyi–Yunkai Mountain Range at the boundary be-
tween Fujian, Guangdong, and Jiangxi provinces, and systematically
studied the geology, geochronology, petrology, and element and isotope
geochemistry of the pluton. The area of Indosinian granites in South
China is divided into the South China Inland Belt, the Wuyi–Yunkai
Mountain Range Belt, and the Southeast China Coast Belt, with the divi-
sions between the belts marked by the Pingxiang–Chenzhou–Hepu and
Zhenghe-Dapu faults, respectively (Fig. 1b). The Indosinian granites
identiﬁed to date are sparsely exposed in the Southeast China Coast
Belt. The plutons selected for correlation in the present study include
the Indosinian Fucheng–Hongshan and Shiwandashan–Darongshan
plutons in the Wuyi–Yunkai Mountain Range Belt, and two groups of
Indosinian granites in Hunan Province in the South China Inland Belt.
Fitches and Zhu (2006), Kim et al. (2006, 2008), and Williams et al.
(2009) proposed that the Ogcheon Metamorphic Belt in Korea may
be laterally continuous with the South China Rift Belt (Fig. 1a). The
present paper tests this hypothesis by studying the rock assemblages,
source regions, and tectonic settings of Indosinian granites in both
regions. To this end, we summarise the features of representative Indo-
sinian granitoids from the Sulu–Korea Belt.
2. Geology and petrology
The Guikeng pluton is located within Xunwu and Huichang
counties in Jiangxi Province, Wuping County in Fujian Province, and
Pingyuan County in Guangdong Province. The long axis of the pluton
trends approximately N–S, and a series of late-stage minor intrusions
occurs both inside and close to the pluton. The pluton is in contact
with the country rock (Early Cretaceous red beds) along faults. The
margin of the northern part of the pluton is an intrusive contact with
Sinian–Cambrian strata that dip outwards from the pluton at 22°–25°
on the west side of the pluton and at 50° on the east side. In the central
and southern parts of the pluton, the contacts are mainly transition
zones in which contact metamorphism is absent. In the contact zones
between the pluton and country rocks, a magmatic foliation is deﬁned
by the shape-preferred orientation of elongate K-feldspar phenocrysts
and biotite, with no evidence of contact metamorphism.
Sun et al. (2007) obtained LA–ICP–MS U–Pb zircon dates from the
porphyritic biotite granites in themain part of theGuikengpluton, yield-
ing two age clusters at 220±6 and 182.5±4.9 Ma, corresponding to theFig. 1. Simpliﬁed geological maps of the study area. (a) Map showing the tectonic units of Eas
(after Kim et al., 2006). JZS, Jiazishan pluton; IB, Imjingang Belt; GM, Gyeonggi Massif; OB, Ogch
GB, Gyeongsang Basin; HSZ, Honam Shear Zone. (b) Map showing the distribution of Indo
Yanshanian granite; 2. Early Yanshanian granite; 3. Indosinian granite. ① Tacheng–Lujiang
Fault;④ Zhenghe-Dapu Fault;⑤ Chachaling-Guangchang Blind Fault;⑥Wuzhou-Sihui Blind
DR, Darongshan pluton; WWT, Wawutang pluton; BM, Baimashan pluton; GDM, Guandimiao
pluton; YM, Yangmingshan pluton. (c) Geological map of the Guikeng pluton. The numbers in
(BG); 2. K-feldspar phenocryst-rich coarse- to medium-grained biotite granite (KBG); 3. Fine-
(06YX, 08GK, and 09GK are the sampling locations of the present study; GK are from Sun et al.,
Province boundary. (d) Map showing the distribution of Indosinian granitic plutons in South
Jurassic intrusives; 4. Cretaceous intrusives.① Hongseong pluton;② Namyang pluton;③ Yanlate Indosinian and early Yanshanian magmatic events, respectively;
ﬁne-grained biotite granites from the southeastern part of the pluton
yield an age of 94.6±1.8 Ma. The minor gabbroic intrusions in the cen-
tral-eastern part of the pluton yield a SHRIMP U–Pb zircon age of
98.3 Ma (Ye et al., Unpublished data).
The Guikeng pluton is dominated by three rock types (Fig. 1c):
medium- to ﬁne-grained biotite monzogranites and biotite granites
(BG), K-feldspar phenocryst-rich medium- to coarse-grained biotite
granites (KBG), and late-stage ﬁne-grained muscovite granites (FMG).
The ﬁrst two types form the main part of the pluton, occurring within
the marginal belt and interior part, respectively. The ﬁne-grained mus-
covite granites occur mainly in the northeastern part of the pluton. BG
and KBG, which correspond to the Fengshi and Yongding super-units
deﬁned in the 1:250,000 Ruijin City geological map (Fujian Institute
of Geology Survey, 2002), are in intrusive contact with each other.
Tectonic compression produced a foliation in the ﬁne-grained biotite
monzogranites of themarginal belt, deﬁnedbyelongatemaﬁcmagmatic
enclaves (Fig. 2a). From themarginal belt to the interior part of the plu-
ton, there is a change in texture frommedium- to ﬁne-grained and then
coarse-grained, the quartz content increases, the proportion of maﬁc
minerals decreases, there is an increase in the content of K-feldspar
phenocrysts and their grain size increases. Large phenocrysts of K-
feldspar (2×4 cm) occur in the central part of the pluton (Fig. 2b).
The mineral composition of biotite monzogranites in the marginal
belt is similar to that in the interior part of the pluton. These rocks
are grey–white and ﬁne-grained in the southern marginal belt,
containing dark minerals of biotite and minor hornblende (~1%), and
showing a matrix foliation (Fig. 2c). The porphyritic ﬁne- to medium-
grained granites are light red in colour and have a porphyritic texture,
containing ~10% K-feldspar phenocrysts (4.0–6.5 mm) in a medium-
grained (crystal size, 3.0–3.5 mm) matrix with granitic texture,
consisting of plagioclase (25%), K-feldspar (35%), quartz (25%), and bi-
otite (10%). The K-feldspar, mainly microcline and perthite, contains
cross-hatch transformation twinning and Carlsbad twins, while plagio-
clase occurs as subhedral crystals with polysynthetic twins, without
compositional zoning (Fig. 2b). Accessory minerals in the two main
rock types (BG and KBG) include magnetite, ilmenite, monazite,
apatite, rutile, and zircon.
3. Analytical methods
3.1. SHRIMP Zircon U–Pb dating
Two fresh, unaltered, uniform (without banding or mixing texture),
uncontaminated and representative samples were chosen for dating
(samples 08 GK-04 and 06YX-2). Representative zircon grains (N500)
were hand-picked under a binocular microscope after using conven-
tional heavy liquid and magnetic techniques at the Regional Investiga-
tion Lab, Hebei Province, China. The picked zircons were mounted in
an epoxy resin disc along with a standard zircon from RSES (Research
School of Earth Science, Australia National University), and then
polished. Zircons were dated using a SHRIMP II ion microprobe at the
Beijing SHRIMP Center, Institute of Geology, Chinese Academy of Geo-
logical Sciences, Beijing, China. The primary beam size was 20–30 μm.
Measured 204Pb was applied to the common lead correction, and datat Asia and a possible tectonic linkage between the Korean Peninsula and Southeast China
eon Belt; OMB, OgcheonMetamorphic Belt; TB, Taebacksan Basin; YM, YeongnamMassif;
sinian granitic plutons in South China. The numbers in the key are as follows: 1. Late
Fault; ② Dabieshan (southern fringe) Fault; ③ Shaoxing–Pingxiang–Chenzhou–Hepu
Fault. GK, Guikeng pluton; F–H, Fucheng–Hongshan pluton; SW, Shiwandashan pluton;
pluton; TS, Tangsha pluton; XZK, Xiangzikou pluton; XM, Xima pluton; WFX, Wufengxian
the key are as follows: 1. Medium- to ﬁne-grained biotite monzogranite–biotite granite
grained muscovite granite (FMG); 4. Gabbro; 5. Sampling locations and sample numbers
2007); 6. Sampling locations for SHRIMP U–Pb zircon analyses; 7. Lithofacies boundary; 8.
Korea (after Lee et al., 2000). 1. Triassic intrusives; 2. Middle Jurassic intrusives; 3. Late
gpyeong granite;④ Daegang granite;⑤ Ian granite.
Fig. 2. Field photographs and photomicrographs of the Guikeng pluton. a. Medium- to ﬁne-grained biotite monzogranite in the marginal belt of the pluton, with a foliation deﬁned
by aligned K-feldspar phenocrysts and maﬁc magmatic enclaves (ﬁeld photograph at sampling location 08GK04). b. Abundant, large K-feldspar phenocrysts in the interior part of
the pluton (ﬁeld photograph at sampling location 06YX2). c. Medium- to ﬁne-grained texture in the marginal belt of the pluton, with aligned plagioclase phenocrysts and matrix
minerals (photomicrograph of sample 08GK03). d. Porphyritic medium- to coarse-grained biotite granite containing plagioclase with polysynthetic twins (photomicrograph of
sample 06YX17).
538 J. Mao et al. / Lithos 127 (2011) 535–551processing was performed using the Squid and Isoplot programmes
(Ludwig, 2001). The standard TEMORA (417 Ma, 206Pb/238U=
0.06683) was used for inter-element fractionation. For details of the
measurement procedure, see Shong et al. (2002).
3.2. Element geochemistry
The major element compositions of granitic samples from the
Guikeng pluton were analysed at the Huadong Mineral Resources Su-
pervision and Testing Center, Ministry of Land and Resources, Nanjing,
China. Major-element oxides were determined by X-ray ﬂuorescence
techniques on fused glass discs using a Rigaku ZSX100e spectrometer,
yielding analytical precision within 2%–3%. FeO content was deter-
mined using the wet analytical method. Trace elements were analysed
at the Institute of Geology and Geophysics, Chinese Academy of Sci-
ences, Beijing, China, by inductively coupled plasma–mass spectrome-
try (ICP–MS; ELEMENT). For details of the laboratory procedures, see
Zhou et al. (2005). Analytical precision was generally within 5%.
3.3. Sr–Nd isotopes
The contents of Sm, Nd, Rb, and Sr, and Nd and Sr isotopes were
measured at the Institute of Geology and Geophysics, Chinese Acade-
my of Sciences. Standard materials NBS987 and NBS607 were added
to monitor the analysis process and equipment. The values of Sm,
Nd, Rb, and Sr, and their isotopic ratios, were consistent with the cer-
tiﬁcate values within error. Samples for isotopic analysis were pre-
pared in a clean laboratory. The samples were analysed using a
mass spectrometer (MAT-262; Finnigan, Germany). The composites
of Sr, Sm, and Nd isotopes were standardised with 86Sr/88Sr=
0.1194, 149Sm/152Sm=0.516858, and 146Nd/144Nd=0.7219. Typical
within-run precision (2σ) for Sr and Nd was estimated to be ±
0.000015. Measured values for the La Jolla and BCR-1 Nd standards,
and the NBS-607 Sr standard, were (143Nd/144Nd)=0.511853±7and 0.512604±7, and 87Sr/86Sr=1.20042±2, respectively, during
the period of data acquisition.4. Zircon U–Pb age data
It is generally accepted that high Th/U values (N0.4) and concentric
oscillatory zoning in zircon are characteristic of a magmatic origin,
whereas low Th/U values (b0.1) and the absence of zoning indicates
a metamorphic origin (Jackson et al., 2004; Rubatto, 2002), but high
Th/U ratios have been recorded in zircons that were subjected to
recrystallization during high-T metamorphism (Th/UN0.15 and up to
3.2; Harley et al., 2007; Kelly and Harley, 2005). Zircons from a sample
of ﬁne- to medium-grained biotite granite (08GK-04) within the
marginal zone and from a K-feldspar phenocryst-rich medium- to
coarse-grained biotite granite sample (06YX-2) in the main interior
facies are relatively transparent and colourless, and CL images show
thatmost of the zircons are euhedral with concentric oscillatory zoning,
indicative of a magmatic origin with Th/U=0.17–1.38 (Fig. 3a, c). The
magmatic zirconswithwell-developed oscillatory zoningwere selected
for SHRIMP zircon U–Pb dating. The analytical data are listed in Table 1,
with errors for analyses of single spots given as the standard deviation
(1σ).
The 20 zircon grains separated from sample 08GK004 yielded 16
analytical spots that deﬁne concordant 206Pb/238U and 207Pb/235U ap-
parent ages, plotting along or close to a concordia curve (Fig. 3b), ex-
cept for analytical spots 16, 19, 18, and 20, which give 206Pb/238U ages
of N250 Ma and b220 Ma, respectively, deviating slightly from the
concordia curve. The remaining 16 analytical spots give a weighted
mean 206Pb/238U age of 234±3 Ma (MSWD=1.3), representing the
crystallisation age of the marginal facies of the pluton (Middle Trias-
sic). The 14 analytical spots in 13 zircon grains from sample 06YX-2
deﬁne a coherent group within the error bounds, plotting along or
close to the concordia curve (Fig. 3d) and yielding a weighted mean
206Pb/238U age of 220.4±3.2 Ma (MSWD=0.18), representing the
Fig. 3. Zircon CL images and locations of analytical spots (a, c), and U–Pb zircon concordia diagrams (b, d) for the Guikeng granites (samples 08GK004 and 06YX-2).
539J. Mao et al. / Lithos 127 (2011) 535–551formation age of the main part of the pluton (Late Triassic). The ap-
parent ages of 234±3 and 220.4±3.2 Ma may represent the time
when the pluton initially consolidated. Therefore, the pluton was
formed during the Middle to Late Triassic, corresponding to the
early and late Indosinian events, respectively.
5. Geochemical results
Table 2 lists the results of analyses of major elements, trace ele-
ments for ﬁve samples of BG, seven samples of KBG, and one sample
of FMG from the Guikeng pluton.
The samples of Guikeng granite plot in the granite ﬁeld, although
some samples of BG plot in the quartz monzonite and granodiorite
ﬁelds (Fig. 4a). The Guikeng granites have a wide range of chemical
compositions. Compared with KBG and FMG, the BG samples have
low SiO2 contents of 67.83%–71.3%, high Al2O3 contents of 13.59%–
15.99%, K2O/Na2O=1.23–2.46 (average, 1.70), low amounts of norma-
tive corundum (0.17–1.05), and low A/CNK values of 0.94–1.04,
corresponding to metaluminous to weakly peraluminous granites
(Fig. 4b). The KBG samples have high SiO2 contents of 70.55%–76.55%,
low Al2O3 contents of 12.5–14.68, K2O/Na2O=1.47–3.84 (average,
2.25; consistent with an increasing proportion of K-feldspar pheno-
crysts), high amounts of normative corundum (1.18–2.45), and high
A/CNK values of 1.07–1.26, corresponding to transitional weakly to
strongly peraluminous granites. The FMG samples have major element
compositions similar to those of the KBG, showing relatively large
amounts of normative corundum (1.83) and A/CNKN1.1, representing
strongly peraluminous granites (Fig. 4b).
All these samples have high contents of total alkalis (Na2O+
K2O=6.90%–10.99%). Several of the BG and KBG samples plot inthe ﬁeld of alkalic series A-type granite (Fig. 5a), and the late-stage
KBG samples plot in the transitional ﬁeld between the calc-alkalic se-
ries and the alkali-calcic and alkalic series. Compared with the other
groups, the BG samples have higher contents of MgO+Fe2O3+TiO2
(Fig. 5b) and lower contents of Na2O+K2O (Fig. 4a). From the BG
samples to the KBG and then FMG samples, we see a decrease in
Al2O3, FeO, MgO, CaO, P2O5, and TiO2 with increasing SiO2 (Fig. 6). A
scattered pattern is seen for Na2O (Fig. 6e), and K2O shows an
increase with increasing SiO2, indicating a late-stage enrichment
in K-bearing minerals, consistent with the increased abundance of
K-feldspar phenocrysts in the interior facies rocks of the pluton.
The Guikeng granites have high Rb, Cs, and Rb/Sr values, and low
Sr, Ba, and Eu values on primitive mantle-normalised trace element
spidergrams (Fig. 7a–b). The three types of Indosinian granite show
similar patterns, characterised by strongly depleted Ba, Nb, Sr, P,
and Ti, and enriched large-ion-lithophile elements (Rb and K) and
radiogenic elements (Th and U). These characteristics are typical of
crust-derived granites.
The three rock types of the Guikeng pluton have contrasting trace
element compositions. The BG samples have relatively higher contents
of Sr, Ba, Eu, Zr, Y, light REEs (LREEs), and transitional metal elements
(Co, Sc, and V); lower contents of Rb, Cs, U, and Th; higher ratios of
K/Rb, Zr/Hf, and Nb/Ta; and low ratios of Rb/Sr than those of KBG.
The KBG samples have relatively higher contents of Rb, Cs, Ta, U, and
Th, and lower contents of Sr, Ba, Eu, Zr, and transitional metal elements,
showing lower ratios of Zr/Hf, K/Rb, Nb/Ta, and Th/U, and higher ratios
of Rb/Sr than those of BG. The FMG sample has relatively low ratios of
Zr/Hf, K/Rb, Nb/Ta, Ba/Sr, and Th/U, and an anomalously high ratio of
Rb/Sr. The trace element pattern is similar to those of the KBG samples,
indicating that FMG is the product of strong differentiation of KBG.
Table 1
SHRIMP U–Pb zircon data for samples 08GK04 and 06YX-2 from the Guikeng granites.
Spot name ppm U ppm Th 232Th /238U % comm
206
206r /238 % err 207r /235 % err 207r /206r % err 204corr 208Pb /232
Th (Ma)




GK004-1 3027 635 0.22 0.31 .0391 2.1 0.31 2.2 .0581 0.6 180 7 245.3 5.1
GK004-2 1869 332 0.18 0.07 .0386 2.1 0.27 2.3 .0515 0.9 224 6 243.8 5.0
GK004-3 2929 459 0.16 0.39 .0367 2.1 0.26 2.2 .0521 0.8 215 9 232.0 4.8
GK004-4 1634 455 0.29 0.33 .0367 2.1 0.28 2.3 .0560 1.0 209 8 231.5 4.8
GK004-5 1912 309 0.17 0.00 .0374 2.1 0.26 2.3 .0509 0.9 231 6 236.6 4.9
GK004-6 1807 465 0.27 0.12 .0378 2.1 0.28 2.3 .0532 0.9 212 7 237.9 4.9
GK004-7 1146 336 0.30 0.32 .0375 2.1 0.26 2.5 .0495 1.3 240 9 237.2 5.0
GK004-8 1238 556 0.46 0.20 .0357 2.1 0.25 2.4 .0517 1.1 215 5 225.3 4.7
GK004-9 1321 360 0.28 0.46 .0370 2.3 0.26 2.6 .0517 1.2 224 10 233.9 5.3
GK004-10 2009 481 0.25 0.05 .0365 2.1 0.27 2.3 .0538 1.0 210 6 230.6 4.8
GK004-11 824 426 0.53 0.30 .0369 2.2 0.27 2.6 .0527 1.5 220 7 232.7 4.9
GK004-12 1266 572 0.47 0.10 .0371 2.1 0.28 2.4 .0539 1.1 219 5 234.0 4.9
GK004-13 1099 569 0.54 0.16 .0378 2.1 0.28 2.4 .0537 1.2 223 6 237.8 5.0
GK004-14 1253 493 0.41 0.22 .0349 2.1 0.19 2.8 .0387 1.8 265 8 223.9 4.7
GK004-15 2032 437 0.22 0.05 .0367 2.1 0.23 2.4 .0451 1.1 273 8 233.8 4.8
GK004-16 1669 228 0.14 0.00 .0398 2.2 0.28 2.4 .0511 1.0 244 7 251.3 5.4
GK004-17 1652 338 0.21 0.13 .0371 2.1 0.25 2.4 .0493 1.1 229 7 234.4 4.9
GK004-18 989 613 0.64 0.45 .0346 2.2 0.31 2.5 .0654 1.3 164 5 213.9 4.5
GK004-19 2425 572 0.24 1.56 .0381 2.1 −0.12 11.1 -.0234 11.6 1080 88 272.1 5.7
GK004-20 1664 606 0.38 0.39 .0336 2.1 0.30 2.3 .0638 1.0 191 7 211.9 4.4
06YX-2
06YX-2-1.1 90 102 1.17 6.75 .0346 3.4 0.22 39.9 .0454 39.8 212 25 219.4 7.3
06YX-2-1.2 120 159 1.38 3.59 .0345 3.3 0.28 29.7 .0589 29.5 227 22 218.9 7.1
06YX-2-2.1 160 126 0.81 4.72 .0345 2.9 0.22 25.7 .0453 25.5 210 25 218.5 6.2
06YX-2-3.1 1019 585 0.59 0.80 .0344 2.6 0.24 4.5 .0508 3.7 218 8 218.2 5.6
06YX-2-4.1 333 236 0.73 0.99 .0342 2.6 0.27 6.6 .0580 6.1 228 10 216.7 5.5
06YX-2-5.1 180 169 0.97 4.01 .0349 2.9 0.25 20.8 .0520 20.6 224 19 221.4 6.3
06YX-2-6.1 410 258 0.65 2.29 .0350 2.6 0.21 12.2 .0438 11.9 201 13 221.6 5.6
06YX-2-7.1 253 193 0.79 3.51 .0346 2.7 0.19 20.2 .0396 20.0 200 16 219.3 5.8
06YX-2-8.1 594 426 0.74 1.33 .0347 2.6 0.23 9.2 .0478 8.8 205 11 220.0 5.6
06YX-2-9.1 184 197 1.11 2.70 .0353 2.8 0.24 13.4 .0493 13.1 226 12 223.8 6.1
06YX-2-10.1 87 72 0.86 1.75 .0346 3.0 0.27 12.5 .0576 12.1 223 16 219.3 6.5
06YX-2-11.1 240 185 0.80 3.78 .0346 2.8 0.20 20.1 .0416 19.9 192 18 219.5 6.0
06YX-2-12.1 207 138 0.69 1.60 .0350 2.8 0.29 10.9 .0600 10.6 240 16 221.6 6.0
06YX-2-13.1 613 357 0.60 1.40 .0357 2.5 0.27 5.9 .0540 5.3 225 11 226.1 5.7
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between SiO2 and Zr, Ba, Eu, and Sr (Fig. 8), reﬂecting the fractional
crystallisation of biotite, plagioclase, K-feldspar and zircon. The trends
in Sr, Eu, and CaO obtained for the BG and KBG samples indicate the
fractional crystallisation of plagioclase in two distinct magmatic
sources.
All the samples show moderate fractionation of LREEs and HREEs.
The BG samples have relatively higher total REE contents of
81–616 ppm (average, 276.8 ppm) than those of KBG, with
∑LREE/∑HREE=8–15, and prominently-moderately negative Eu
anomalies with Eu/Eu*=0.18–0.88 (average, 0.51). The KBG samples
have a wide range of total REEs, from 47 to 393 ppm (average,
221.7 ppm), with ∑LREE/∑HREE=4–9, and prominently negative
Eu anomalies with Eu/Eu*=0.18–0.73 (average, 0.39). The FMG sam-
ples have a total REE content of 150 ppm,∑LREE/∑HREE=4 (similar
to the KBG samples) and prominently negative Eu anomalies of 0.06.
Chondrite-normalised REE patterns for the Guikeng granites show
right-dipping oblique V-shaped patterns and depleted Eu, although
the granites have variable REE contents (Fig. 7c–d). The KBG samples
have stronger negative Eu anomalies than do the BG samples, and.show
slight HREE enrichment. The FMG sample shows ﬂat V-shaped pattern
with HREE enrichment and prominent negative Eu anomalies.
6. Sr–Nd isotopes
Sr–Nd isotopic data for the Guikeng granites are presented in
Table 3. The three rock types have similar isotopic compositions. The
initial Sr and Nd values and two-stage Ndmodel ages (T2DM) calculated
using a rock formation age of 234 Ma show that the BG samples have(87Sr/86Sr)i=0.70831–0.71326, εNd(t)=−7.8 to −10.3, and Nd
model ages (T2DM)=1.74–1.94 Ga. The KBG samples have
(87Sr/86Sr)i=0.71234–0.72647, εNd(t)=−9.3 to −13.1, and T2DM=
1.86–2.0 Ga, calculated using a rock formation age of 221 Ma. The
late-stage FMG sample has εNd(t)=−9.6, T2DM=1.88 Ga, and low ini-
tial Sr value. The FMG sample yields an anomalously high Rb/Sr ratio
and low ratios of K/Rb, Zr/Hf, and Ba/Sr, indicating it is strongly differen-
tiated and was enriched with ﬂuids, thus, the calculated (87Sr/86Sr)i
value is meaningless. The values of εNd(t) and T2DM of FMG sample,
indicate an origin from a similar source. All these samples from the
Guikeng pluton plot in the ﬁeld of the evolution of Precambrian crust
in the Eastern Nanling Range, southern China (Fig. 9a; Shen et al.,
1998; Sun et al., 2005), and six samples (but not two BG samples) plot
in the ﬁeld of Late Jurassic crust-derived granitoids in SE China
(Fig. 9b; Chen and Jahn, 1998), suggesting the contribution of crustal
components increased from BG to KBG.
7. Petrogenetic constraints
7.1. Conditions of emplacement
The relationships between the formation ages and chemical com-
positions of the Indosinian granites of the Guikeng pluton indicate
that the BG and KBG rocks are not the products of the same co-
magmatic fractional crystallisation. The KBG rocks are highly evolved,
and the late-stage FMG rocks are the product of the co-magmatic evo-
lution of the KBG rocks (Fig. 10a, b). The fractionation of K-feldspar,
plagioclase, biotite and apatite within BG and KGK is indicated by
negative correlations between Rb and Ba, Sr, prominent negative
Table 2
Concentrations of major (wt.%), trace (ppm) elements in the Guikeng granites.
No. 1 2 3 4 5 6 7 8 9 10 11 12 13
Sample 08GK02 08GK03 08GK04 06YX18 GK11 06YX2 06YX16 06YX17 GK-01 GK-02 GK-03 GK-08 08GK1
Rock type BG KBG FMG
SiO2 70.9 71.1 67.83 68.61 68.44 72.76 70.55 71.58 74.12 76.55 71.63 74.59 75.33
TiO2 0.43 0.42 0.56 0.61 0.32 0.4 0.53 0.42 0.36 0.13 0.28 0.07 0.07
Al2O3 13.67 14.03 14.56 13.74 15.99 13.59 14.26 13.87 12.15 12.52 14.68 13.63 13.63
TFe2O3 2.76 2.75 2.86 3.52 2.10 0.48 2.81 2.04 2.44 0.89 1.82 1.07 1.07
FeO
MnO 0.06 0.07 0.09 0.07 0.06 0.06 0.06 0.05 0.05 0.02 0.06 0.03 0.08
MgO 0.88 0.93 1.01 1.01 0.87 0.58 0.78 0.48 0.48 0.1 0.42 0.27 0.1
CaO 2.28 2.54 1.46 2.09 2.09 1.53 0.23 0.31 1.35 0.24 0.91 0.75 0.62
Na2O 3.18 2.94 3.1 2.51 4.09 2.87 2.49 2.02 2.55 2.4 3.45 2.93 3.5
K2O 4.39 4.38 7.52 4.88 5.04 4.79 6.32 7.75 4.35 6.49 5.07 5.42 4.76
P2O5 0.15 0.14 0.29 0.19 0.13 0.11 0.12 0.11 0.14 0.05 0.23 0.19 0.09
LOI 1.31 0.73 0.77 2.64 0.63 0.91 1.8 1.24 0.89 0.52 1.41 1.22 0.86
Total 99.79 99.83 99.84 99.86 99.64 99.95 99.95 99.87 98.78 99.84 99.78 100.09 99.94
A/NK 1.37 1.47 1.1 1.46 1.37 1.31 1.19 1.37 1.14 1.32 1.28 1.25
A/CNK 0.97 0.99 0.92 1.04 1.0 1.07 1.26 1.13 1.07 1.1 1.15 1.13 1.13
Sc 8.63 8.21 6.38 10.5 4.19 8.53 8.89 4.94 7.13 1.22 4.58 3.94 3.65
V 50.1 54.5 41.9 * 44.5 * * * 31.7 6.86 25.5 11.8 2.94
Cr 4.01 14.7 15.9 7.69 2.35 5.12 4.77 * * * * 1.88
Co 6.18 6.44 6.99 7.42 4.14 6.34 4.8 2.84 2.93 0.64 1.94 0.41 0.56
Ni * * * 5.62 1.61 3.76 3.48 * * * * *
Ga 16.1 17 20.3 19.1 19.3 20.5 19.4 * * * * 23
Rb 171 181 388 244 271 322 298 300 308 304 306 307 774
Sr 209 241 190 127 451 97.29 91.8 78.8 91.1 48.8 65.3 40.3 12
Ba 651 641 1013 642 647 333 525 529 216 82.3 310 127 27.1
Zr 191 154 323 294 114 183 306 219 196 92.4 112 51.7 79
Hf 5.52 4.56 8.5 7.96 2.89 6.12 9.29 6.92 5.46 3.07 2.84 2.09 3.88
Nb 17.5 17.2 42 25 9.13 24.3 33.9 28.3 25.8 8.3 18.6 30.3 35.46
Ta 1.67 1.73 2.56 1.4 0.77 2.54 3.17 2.86 2.89 0.96 2.45 3.04 8.56
Y 29 27 33 39.1 8.16 50.8 72.6 66.7 45.8 13.6 20.9 15.4 52
Cs 2.78 5.62 7.41 3.29 4.39 7.75 3.6 3.14 8.17 5.6 16.8 7.23 46
U 4.4 4.15 10 3.7 2.62 7.92 7.4 6.3 8.45 5.16 6.07 19.9 19.3
Th 21 21.6 88.1 23 9.72 50.3 44.7 46.7 43.2 29.9 12.3 5.67 24.2
Pb 21.8 20.9 41.1 24.2 166 33.1 30.7 41.6 126 123 101 25.1 21.7
La 50 50 147 71. 5 19.6 75 61.6 77 65.7 11.3 24.7 8.61 27
Ce 94 91 280 141 35.8 142 123 168 125 19.9 48.3 17.4 55
Pr 10.8 9.86 32.2 15.2 3.96 16.7 15.1 17.9 14.7 1.9 5.67 1.99 6.7
Nd 38.5 35.6 111 55.5 14.2 64.2 55.8 65 48.5 6.82 19.5 7.17 23.8
Sm 7.01 6.14 16.2 10.4 2.01 11.7 13.8 14.3 8.86 1.56 3.9 2.14 6.1
Eu 1.2 1.12 1.47 1.45 0.57 1.07 1.27 1.31 0.52 0.41 0.47 0.18 0.11
Gd 6.11 5.3 11.3 9.4 1.94 9.36 13.7 14 8.49 1.87 4.22 2.5 5.96
Tb 1.01 0.87 1.5 1.43 0.20 1.69 2.42 2.51 1.09 0.3 0.56 0.45 1.32
Dy 5.28 4.79 7.13 7.66 1.22 10.2 14. 6 14.7 7.22 2.19 3.48 3.02 8.69
Ho 0.99 0.96 1.22 1.48 0.23 2.13 2.66 2.51 1.5 0.5 0.71 0.55 1.73
Er 3.07 2.8 3.41 4.49 0.71 6 7.97 7.52 4.31 1.43 1.91 1.31 5.59
Tm 0.44 0.42 0.39 0.6 0.11 0.94 1.09 1.14 0.65 0.22 0.28 0.19 0.94
Yb 2.88 2.81 2.88 3.66 0.65 5.77 6.55 5.84 4.4 1.27 1.86 1.19 6.41
Lu 0.45 0.44 0.41 0.51 0.10 0.88 0.93 0.8 0.64 0.19 0.26 0.15 0.94
REE 222 212 616 253 81 348 306 393 292 50 116 47 150
LREE/HREE 10 11 21 8 15 8 8 7 9 5 8 4 4
δEu 0.56 0.6 0.33 0.18 0.88 0.31 0.28 0.28 0.18 0.73 0.35 0.24 0.06
Note: Analyses of samples 08GK and 06YX are from the present study; analyses of GK are from Sun et al. (2007). GK-03 yields ICP–MS age clusters at 185 and 220 Ma; GK15 yields a
cluster at 95 Ma. BG: biotite granite, KBG: K-feldspar phenocryst-rich biotite granite, FMG: ﬁne-grained muscovite granite, FG: ﬁne-grained granite asterisks: no analyses.
Fig. 4. (a) SiO2 vs. Na2O+K2O classiﬁcation diagram of igneous rocks (after Le Bas et al., 1986) and (b) A/CNK vs. A/NK diagram for the Guikeng granites.
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Fig. 5. (a) Na2O+K2O–CaO vs. SiO2 diagram (after Frost et al., 2001) and (b) MgO+FeO+TiO2 vs. SiO2 diagrams for the Guikeng granites. Symbols are as in Fig. 4.
542 J. Mao et al. / Lithos 127 (2011) 535–551anomalies in Sr, Ba, P, and Ti (Fig. 7a, b), a decreasing trend in total
REEs with increasing Rb/Sr, and strongly negative Eu anomalies.
Field observations of BG in the marginal belt and of KBG in theFig. 6. Major elements vs. SiO2 for the Guikeng granites. (a) Al2O3, (b) FeO, (c) Mginterior part of the pluton, as well as the late-stage differentiated
FMG, reveal that from the marginal belt toward the interior part of
the pluton, the K-feldspar phenocrysts increase and biotite decreaseO, (d) CaO, (e) Na2O, (f) K2O, (g) P2O5, and (h) TiO2. Symbols are as in Fig. 4.
Fig. 7. Primitive mantle-normalised trace element spidergrams (a, b) and chondrite-normalised REE patterns (c, d) for the Guikeng granites. Symbols are as in Fig. 4. Primitive man-
tle and chondrite normalising values are respectively from McDonough and Sun (1995), Sun and McDonough (1989).
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the BG and KBG rocks, the decreasing contents of Nb, Zr, and transi-
tional metal elements (Fig. 10c, d), and increasing contents of Pb,
Th, U, and HREEs that accompany the differentiation and evolution
of the magma indicate the fractionation of accessory minerals, mainly
rutile, zircon and ilmenite (Dostal and Chatterjee, 2000; Zen, 1986).
The saturation temperatures of the three rock types were calculat-
ed based on zircon saturation thermometry and whole-rock Zr con-
tent (Watson and Harrison, 1983). The BG rocks with higher Zr
contents (114–323 ppm) yield saturation temperatures of 824–
889 °C, which show a gradual decrease with evolution of the magma.
The KBG samples have lower Zr contents (51–219 ppm; although
306 ppm for sample 06YX16) and yield saturation temperatures of
740–855 °C. The late-stage FMG sample has a lower Zr content
(b79 ppm) and yields a lower crystallisation temperature of 776 °C.
7.2. Nature of the source rock and tectonic setting
Granitoid melts, generated experimentally from various materials
by ﬂuid-absent melting, show characteristic major element composi-
tions that can be used to infer source characteristics (Jung and Pfander,
2007). Those derived from greywackes or igneous rocks (CaO/Na2O=
0.3–1.5), and those derived from pelite (CaO/Na2O≤0.5) (Jung and
Pfander, 2007; Miller, 1995; Sylvester, 1998). The BG rocks are
characterised by high CaO/Na2O (0.47–0.86; average, 0.68) and
low Al2O3/TiO2 values (Fig. 11a), indicating a source dominated
by psammitic rocks or igneous rocks. Individual samples plot
along a mixing line between pelite- and basalt-derived melts. KBG
and FMG rocks have lower CaO/Na2O values (0.1–0.53; average,
026), indicating an origin from pelite-rich sediments. Both pelite
and psammite-derived melts can have similar Al2O3/TiO2 ratios as
a function of T (Jung and Pfander, 2007), all of the samples of Gui-
keng granite have low Al2O3/TiO2 values, indicating the source
was partially melted under the higher temperature condition.
The difference in compatible element ratios (e.g., Rb/Sr and Sr/Ba)
and REE abundances between the BG and KBG rocks is probablyrelated to the contrasting melting conditions and proportions of min-
erals (e.g., plagioclase, muscovite, biotite, epidote/zoisite, and garnet)
in their sources (Jung et al., 2003). The BG and KBG samples show a
linear array of increasing Rb/Sr with Rb/Ba (Fig. 11b), and the BG
samples show lower Rb/Sr values but higher Sr/Ba values, probably
indicative of a source derived from mica- and epidote/zoisite-rich
sandy sediments, being a mixed source with a high ratio of plagio-
clase to clay. The KBG rocks were derived from clay-dominated sedi-
ments of the continental crust. The above data, in combination with
the Nd isotopic compositions of the Guikeng pluton, indicate distinct
source materials for the BG and KBG rocks.
The Guikeng pluton consists mainly of collision-related crust-
derived peraluminous granites. The early Indosinian (234 Ma) BG
rocks have the geochemical characteristics of syn-collisional granites,
and the occurrence of a magmatic foliation deﬁned by aligned biotite
and K-feldspar phenocrysts indicates compressive stress. The late-
stage KBG rocks have geochemical characteristics that indicate a transi-
tion from compressive to post-collisional granites (Fig. 12a, b).8. Regional correlation of the Guikeng pluton with the Indosinian
granites of South China and Sulu–South Korea
To further summarise the characteristics and geodynamic evolution
of Indosinian magmatism in South China, it is necessary to correlate
Indosinian granitoids of the Wuyi–Yunkai Mountain Belt and
the South China Inland Belt (South China Block), and those of the
Sulu–South Korea Belt (North China or Lower Yangtze blocks).
The rock assemblage, source region, and tectonic setting of Indosinian
magmatism differ between South China and the Sulu–South Korea Belt.
The Indosinian granites in South China are dominated by high-K calc-
alkalic series monzogranites and granites (Fig. 13a, b), whereas those
in the Sulu–South Korea Belt are dominated by calc-alkalic series
granites, alkali-calcic series gabbro–syenite–quartz syenite, and alkalic
series A-type granites (Fig. 13c, d; Cho et al., 2008; Gao et al., 2004;
Williams et al., 2009; Yang et al., 2005).
Fig. 8. SiO2 (wt.%) vs. (a) Rb, (b) Zr, (c) Sr, (d) Ba, (e) La, (f) Eu, and (g) Yb (ppm) for the Guikeng granites. Symbols are as in Fig. 4.
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Wuyi–Yunkai Mountain Range Belt
The Fucheng–Hongshan pluton, with is exposed over an area of
450 km2, is located in the northwestern part of the Wuyi–Yunkai
Mountain Range Belt at the boundary between western Fujian
Province and southern Jiangxi Province (Fig. 1b). The western part
of the pluton is known as the Fucheng pluton, and the eastern part
is known as the Hongshan pluton. The Fucheng and Hongshan
plutons yield LA–ICM–PS zircon U–Pb ages of 229±6.8 and 226.2±
2.4 Ma, respectively (Yu et al., 2007).
The Fucheng pluton consists mainly of biotite phenocryst-rich
coarse-grained monzogranites (KMG), medium-grained two-mica
granites (TMG), and andalusite-bearing ﬁne-grained granites (AFG),
whereas the Hongshan pluton consists mainly of andalusite-bearing
leucogranites (ALG) (Yu et al., 2007). The three rock types of
the Fucheng pluton are strongly peraluminous granites with
A/CNKN1.10 and K2O/Na2ON1.60. The ALG in Hongshan pluton isstrongly peraluminous, with A/CNK=1.11–1.35 and high F contents
(0.23%–0.56%).
The KMG rocks of the Fucheng pluton have (87Sr/86Sr)i=0.715–
0.7196, εNd(t)=−9.4 to −10.2, and Nd model ages (T2DM)=1.78–
1.84 Ga. The TMG rocks have Nd isotopic compositions similar to
those of the KMG rocks. The AFG rocks have even higher
(87Sr/86Sr)i=0.7214, even lower εNd(t)=−16.9, and a Nd model
age of 2.3 Ga. These geochemical data suggest that the source of the
Fucheng peraluminous pluton was crustal material that originated
from early and late Paleo-proterozoic metamorphic basement.
The three rock types of the Fucheng pluton show contrasting
variations in isotopic compositions, indicating they were generated
from three independent magmatic sources, with their contrasting
compositions reﬂecting the heterogeneous nature of the sources.
The high Rb/Sr ratios of the ALG rocks indicate that their calculated
87Sr/86Sr values are meaningless. The ALG have εNd(t) values of
−7.9 to −11.7 and Nd model ages of 1.6–1.9 Ga, suggesting that
the magmatic source originated from crustal material. The ALG
Table 3
Sr–Nd isotopic data of the Guikeng granites.
No. sample Rock type Age (Ma) Rb(10−6) Sr(10−6) 87Rb/86Sr 87Sr/86Sr (2σ) (87Sr/86Sr)I
1 08GK002-1 BG 234 190.4 192.4 2.867 0.717860 0.000013 0.708317
2 08GK003-1 BG 234 211.9 223.9 2.742 0.717212 0.000015 0.708086
3 08GK004-1 BG 234 400.4 178.8 6.498 0.733382 0.000014 0.711755
4 06YX-18 BG 234 231.6 126.1 5.324 0.730984 0.000013 0.713263
5 06YX-02 KBG 221 339.2 98.83 9.968 0.746046 0.000014 0.714857
6 06YX-16 KBG 221 273.6 87.28 9.101 0.741048 0.000014 0.712571
7 06YX-17 KBG 221 306.1 75.74 11.74 0.749073 0.000012 0.71234
8 GK03 KBG 221 348.7 64.59 15.75 0.767336 0.000012 0.72647
9 08GK010-1 FMG 221 773.7 12.9 183.6 1.267566 0.000019 0.690608
No. Sample Rock type Age (Ma) Sm (10−6) Nd(10−6) 147Sm/144Nd 143Nd/144Nd 2σ εNd(t) T2DM
1 08GK002-1 BG 234 6.80 36.1 0.1140 0.512098 0.000011 −8.1 1.76
2 08GK003-1 BG 234 6.01 33.2 0.1097 0.512105 0.000012 −7.8 1.74
3 08GK004-1 BG 234 16.8 109.6 0.0926 0.511950 0.000011 −10.3 1.94
4 06YX-18 BG 234 10.19 55.76 0.1104 0.512014 0.000013 −9.6 1.88
5 06YX-02 KBG 221 11.24 58.07 0.1170 0.512040 0.000014 −9.3 1.86
6 06YX-16 KBG 221 13.30 57.07 0.1409 0.512035 0.000012 −10.2 1.84
7 06YX-17 KBG 221 14.59 65.63 0.1344 0.512026 0.000012 −10.2 1.82
8 GK03 KBG 221 5.157 23.960 0.1303 0.511890 0.000011 −13.1 2.00
9 08GK010-1 FMG 221 8.53 35.9 0.1437 0.512066 0.000014 −9.6 1.81
Note: Analyses of samples 08GK and 06YX are from the present study; analyses of GK are from Sun et al. (2007). TDM=(1/λ){1+[(143Nd/144Nd)]m – (143Nd/144Nd)DM –
((147Sm/144Nd)m – (147Sm/144Nd)c)(eλt – 1)}/[(147Sm/144Nd)c – (147Sm/144Nd)DM], calculated using a two-stage model (Chen and Jahn, 1998). m, c, and DM represent the
measured fSm/Nd values, the average continental crust, and depleted mantle samples, respectively. The decay constant λ=6.54×10–12 a–1. t represents the crystallisation age.
(147Sm/144Nd)DM=0.2136; (143Nd/144Nd)DM=0.513151; (147Sm/144Nd)c=0.118. Corrected T2DM calculated according to the equation given by Milisenda et al., 1994.
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ments,(Yu et al., 2007).
The Darongshan–Shiwandashan Granite Belt consists of (from
south to north) the Pubei cordierite–biotite granitic pluton, the Jiuz-
hou garnet–cordierite–biotite granitic pluton, and the Taima hyper-
sthene granite porphyry pluton, which yield SHRIMP zircon U–Pb
ages of 233±5, 230±4, and 236±4 Ma, respectively (Deng et
al., 2004). The rocks have A/CNKN1, (87Sr/86Sr)i=0.725–0.7295,
εNd(t)=−9.9 to −13.0, and T2DM=2.09–1.84 Ga, consistent with
strongly peraluminous granites generated by the re-melting of
Paleo-proterozoic crustal materials without the direct involvement
of mantle-derived components (Qi et al., 2007). These data indicat-
ed the granites formed during early Indosinian collision in a com-
pressional setting.
The conditions of formation of the Fucheng–Hongshan pluton are
similar to those of the Guikengpluton, and their formation ages are con-
sistent with the peak period of Indosinian tecto-magmatism in South
China. In contrast to the Darongshan–Shiwandashan Granite Belt, the
early-stage BG in the marginal belt of the Guikeng pluton and the
rocks of the Fucheng pluton possess a magmatic foliation or gneissosity
and show the geochemical characteristics of syn-collisional granites.
The late-stage KBG in theGuikeng pluton and the rocks of theHongshan
pluton have a massive structure.Fig. 9. (a) εNd(t) vs. t/Ma and (b) εNd(t) vs. (87Sr/86Sr)i diagrams for the Guikeng granites
Range, southern China; Sun et al., 2005), Precambrian strata including the Louziba Group (C
Sibao and Danzhou groups (Northern Guangxi province), and the Luoding Group (Yunkai a
2004) and late Jurassic crust-derived granitoids in SE China (Chen and Jahn, 1998). Symbol8.2. Correlation with Indosinian granites of Hunan Province (South China
Inland Belt)
Eight granite plutonswere selected for correlationwith the Indosinian
granites in the South China Inland Belt: the Wawutang (234±4Ma),
Guangdimiao (239±3Ma), Wufengxian (236±6Ma), Yangmingshan
(SHRIMP zircon U–Pb age of 237±5Ma; L.J. Wang et al., 2007; Y.J.
Wang et al., 2007), Xiema (218±3Ma), Xiangzikou (LA–ICP–MS zircon
U–Pb age of 210.5 Ma; L.J.Wang et al., 2007), Baimashan (LA–ICP–MS zir-
con U–Pb ages of 209.2±3.8 and 204.5±2.8 Ma; Chen et al., 2006), and
Tangshi plutons (LA–ICP–MS zircon U–Pb ages of 211±1.6 and 215.7±
1.9 Ma; Ding et al., 2005) (Fig. 1b).The eight plutons are divided into
Groups 1 and 2 (Group 1: Wufengxian,Yangmingshan, Guangdimiao,
and Wawutang plutons; Group 2: Baimashan, Xiangzikou, Xiema,
and Tangshi plutons) based on their geological and geochemical
characteristics.
The granites of both groups are weakly alkaline, consistent with cal-
cic to calc-alkalic series rocks, and have similar LREE-rich trace
element patterns, Eu/Eu*=0.19–0.69, and strongly depleted Ba, Sr,
Nb, and Ti contents. The Group 1 samples have higher SiO2, K2O, and
Na2O contents (Fig. 13a, b), are strongly peraluminous (A/CNKN1.1),
have higher (87Sr/86Sr)i=0.7190–0.7325, Nd model ages of 1.74–
1.98 Ga , and low εNd(t) values of −9.2 to −10.8 (Fig. 14), indicative. The ﬁelds (ABCD) correspond to the evolution of Precambrian crust (Eastern Nanling
hangding county in Fujian province), the Banxi Group (Western Hunan province), the
rea of Guangdong province); post-orogenic I-type granitoids (110–99 Ma) (Chen et al.,
s are as in Fig. 4.
Fig. 10. Fractional crystallisation diagrams of Rb vs. Ba (a), Rb vs. Sr (b), SiO2 vs. Nb/Ta (c), and SiO2 vs. Zr/Hf (d) for the Guikeng granites. Symbols are as in Fig. 4.
546 J. Mao et al. / Lithos 127 (2011) 535–551of granites that originated from crustal sources. The Group 2
samples have A/CNK=1.0–1.1, lower (87Sr/86Sr)i=0.7101–0.7170,
Nd model ages of 1.46–1.76 Ga, and higher εNd(t) values of −6.4
to −9.4 (Fig. 14), indicative of crust-derived granites, and may be
with the involvement of extremely low amounts of mantle-derived
magma.
A comparison of the estimated temperatures with the crystallisa-
tion ages of Indosinian granites in Hunan Province reveals that the
temperatures decrease with decreasing crystallisation ages during
the early Indosinian (243–228 Ma), show a sudden increase at
~225 Ma, and subsequently a decrease during the late Indosinian
(220–206 Ma) (Wang et al., 2007a, 2007b). Minor mantle-derived
maﬁc rocks with high εNd(t) values and low 87Sr/86Sr ratios (224–
204 Ma; Guo et al., 1997) have been reported at Daoxian in southern
Hunan Province, indicating a small-scale magma underplating event
at ~225 Ma in the region. The crust-derived granites with extremely
low amounts of the basaltic end member may have generated by
the heat energy supplied by the underplating magma. Alkalic basalts
at Zhongxinpu and Lizhaixiang (Ninyuan County in southern Hunan
Province) yield LA–ICP–MS zircon U–Pb ages of 212.3±1.7 and
205±3.0 Ma, respectively (Liu et al., 2010).Fig. 11. (a) CaO/Na2O vs. Al2O3/TiO2 (after Sylvester, 1998) and (b) Rb/Ba vs. Rb/Sr (after
Fig. 4.8.3. Correlation with Indosinian granitoids in Sulu–South Korea
To assess whether the Ogcheon Metamorphic Belt in Korea is con-
tinuous with the South China Rift Belt, we analysed and attempted to
correlate the Jiazishan pluton of east Shandong Province in the Sulu
Belt, three Middle Triassic plutons of the Gyeonggi Massif, and two
Late Triassic alkalic granite plutons of the Ogcheon Belt in South
Korea (Fig. 1d). In the Gyeonggi Massif, granite of the Hongseong plu-
ton, and gabbro and quartz monzonite of the Yangpyeong pluton
yield SHRIMP zircon U–Pb ages of 227.3±2.4, 231.1±2.8, and
231.8±2.9 Ma, respectively (Williams et al., 2009), and the Namyang
pluton yields a U–Pb sphene age of 227±3 Ma (Sagong et al., 2005).
In the Ogcheon Belt, the Ian and Daegang plutons give SHRIMP zircon
U–Pb ages of 219.3±3.3 and 219.6±1.9 Ma, respectively (Williams
et al., 2009).
TheHongseong pluton consistsmainly of granites andmonzogranites,
the Namyang pluton is dominated by granites, and the Yangpyeong
pluton is mainly composed of quartz monzonites, quartz syenites, and
hornblende gabbro (Fig. 13c). The Ian andDaegang alkalic granite plutons
consist mainly of granites, along with minor monzonites. All the samples























































































































































































































































































































































































































































































































































































































































































































































































































547J. Mao et al. / Lithos 127 (2011) 535–551gabbros of the Yangpyeong pluton; andmonzogranites of theHongseong,
Jiazhishan, Ian, and Daegang plutons) plot close to the boundary between
alkalic and subalkalic rock series, although data for granites of the
Namyang and Hongseong plutons plot in the ﬁeld of the subalkalic rock
series (Fig. 13c).
All the samples from the Ian pluton and most of the samples from
the Daegang pluton plot in the ﬁeld of A-type granite (Fig. 13d; Cho et
al., 2008; Williams et al., 2009). All the rocks are metaluminous
granites with the exception of the Hongseong and Ian granites,
which have slightly higher Al2O3 contents, corresponding to weakly
peraluminous granites. Compared with the Namyang and Hongseong
granites, samples from the two Late Triassic alkalic granite plutons
(Ian and Daegang) have strongly negative Ba, Nb, Sr, P, and Ti anom-
alies, and distinctly high 10,000 Ga/Al values, showing the general
characteristics of A-type granites. The Yangpyeong and Hongseong
quartz syenites–quartz monzonites are A-type granites, with moder-
ately high 10,000 Ga/Al values.
The Namyang and Hongseong granites have (87Sr/86Sr)i=0.7100–
0.7140 and εNd(t)=−13.9 to −10.4, and Nd model ages (TDM)=
1.7–1.6 Ga. These rocks were generated mainly from the Paleo-prote-
rozoic metamorphic basement, with the involvement of lithospheric
mantle material (Fig. 14), as indicated by the existence of Paleo-prote-
rozoic gneissic rocks in the Gyeonggi Massif (Lan et al., 1995; Lee et al.,
2003). The Yangpyeong gabbros, which have low SiO2 contents of
45.38%–51.66%, were derived from partial melting of the re-enriched
lithospheric mantle source. The gabbros and syenites-quartz syenites
have similar Sr and Nd isotopic compositions, and show high
(87Sr/86Sr)i values of 0.7133–0.7144 and low εNd(t) values from
−20.3 to−19.3, implying an origin from a common source, as also in-
dicated by the similar isotopic ages of the two rock types (Williams et
al., 2009). The geochemistry and Sr–Nd isotopes of the Yangpyeong sy-
enites indicate they originated from a small degree of partial melting of
ancient metasomatized lithospheric mantle, coupled with minor con-
tamination by Sino–Korean upper crust (Fig. 14).
The Sulu Orogenic Belt has similar rock assemblages to those in
South Korea. For example, quartz syenite from the Jiazishan pluton
on Jiaodong Peninsula gives a SHRIMP U–Pb zircon age of 215±5Ma,
pyroxene syenite yields 40Ar/39Ar ages of 214.4±0.3 Ma for K-feldspar
and 214.6±0.6 Ma for hornblende, and a gabbroic dike gives a whole-
rock 40Ar/39Ar age of 200.6±0.2 Ma (Yang et al., 2005), consistent
with the initial Sr and Nd values and Nd model ages of Indosinian gab-
bros and syenites of the Yangpyeong pluton in the Gyeonggi Massif
(Fig. 14). The Jiazishan gabbros, with (87Sr/86Sr)i=0.70648–0.70658,
εNd(t)=−13.6 to −14.4, and TDM=2.11–2.17 Ga (Gao et al., 2004),
were derived from an ancient metasomatized lithospheric mantle
source (Li and Yang, 2002; Yan et al., 2003). The pyroxene syenites
may have a similar origin to that of the Yangpyeong syenites, but
may be contaminated by Yangtze lower crust (Fig. 14).
9. Tectonic implications
Table 3 summarises the ages, rock assemblages, and geochemical
characteristics of Indosinian granites in South China and adjacent
areas. According to 169 precise ages obtained for Mesozoic magmatic
rocks in the area comprising Hunan, south Jiangxi, southwest Fujian,
and southeast Guangdong, as well as the areas either side of this region,
the Indosinian granites fall into two age clusters: 243–233 and 224–
204 Ma. This result indicates that the Indosinian granites in South
China were emplaced in two stages. The early Indosinian granites
(243–233 Ma) are foliated or gneissose (e.g., biotite monzogranites
from the marginal belt of the Guikeng pluton, granites from the
Fucheng pluton, and Group 1 granites from Hunan Province) and
formed in a collisional setting, whereas the late Indosinian granites
(224–204 Ma) are massive (e.g., K-feldspar phenocryst-rich biotite
granites from the interior part of the Guikeng pluton, granites from
the Hongshan pluton, and Groups 2 granites from Hunan Province)
Fig. 12. Tectonic discrimination diagrams, showing Rb vs. Y+Nb (Pearce, 1996) (a) and Rb/30 vs. Hf vs. Ta×30 diagrams (Harris et al., 1986). Symbols are as in Fig. 4.
548 J. Mao et al. / Lithos 127 (2011) 535–551and were the product of late-stage collision or post-collision events.
Thus, the formation of the early Indosinian strongly peraluminous
granites in South China represents the peak period of collision-related
magmatism, also including the granites of Wuliting pluton in South
Jiangxi province (LA–ICP–MS zircon U–Pb age of ~238 Ma; Qiu et al.,
2004; Zhang et al., 2004), granites of the Guidong pluton in Guangdong
province (LA–ICP–MS zircon U–Pb ages of 236–239 Ma; Xu et al.,
2003), and granites of the Longyuanba pluton in the eastern Nanling
region (LA–ICP–MS zircon U–Pb age of ~241 Ma; Zhang et al., 2006).
The tectonic setting of the formation of Indosinian granites in
South China may have been oceanic arc–continent collision or intra-
continental collision. However, South China contains no evidence of
an early Mesozoic ophiolite suite, oceanic basin, or arc magmatism.
In addition, the linear distribution of these granites (e.g., Wang et
al., 2005a, 2005b; Yu et al., 2007) argues against the occurrence of
Indosinian oceanic arc–continent collision/subduction in the South
China Block. It is possible that westward subduction of the PaciﬁcFig. 13. SiO2 vs. (a, c) K2O+Na2O (Le Bas et al., 1986), (b) K2O (Le Maitre et al., 1989), an
pluton of Group 1 in Hunan Province, (2) Indosinian pluton of Group 2 in Hunan Provin
2007). Symbols in (c, d): 1. Hongseong, 2. Namyang, 3. Yangpyeong, 4. Lan, 5. Daegang plut
gabbro in the Sulu Belt (from Cho et al., 2008; Gao et al., 2004; Williams et al., 2009; YangPlate, as identiﬁed from paleo-magnetic data, was not initiated until
~125 Ma (Engebretson et al., 1985). Li and Li (2007) revealed that
the ages of Indosinian granites in South China show a decreasing
trend from southeast to northwest. These calc-alkalic I-type granites
reﬂect the migration of continental magmatism and orogenesis
caused by continuous northwestward subduction of an oceanic slab.
The above data on the temporal and spatial distribution of Indosinian
granites in the South China Inland Belt and in the Wuyi–Yunkai
Mountain Range Belt indicate that a model of oceanic plate subduc-
tion does not explain the characteristics of the ages, lithology, and
distribution of Indosinian granites in South China.
The Indosinian Orogeny in South China was closely related to
compressive stress in the Indo-China Plate (Huang et al., 1987; Ren,
1991). The southwestern margin of the South China continent was
marked by subduction/collision that evolved to continent–continent
collision during the Early Permian–Middle Triassic, and ﬁnally post-
collisional collapse during the Late Triassic (Cong et al., 1993; Pengd (d) K2O+Na2O–CaO (Frost et al., 2001) diagrams. Symbols in (a, b): (1) Indosinian
ce, (3) Fucheng pluton, (4) Hongshan pluton (from L.J. Wang et al., 2007; Yu et al.,
ons in the Ogcheon Belt; 6. Jiazishan pyroxene syenite–quartz syenite, and 7. Jiazishan
et al., 2005).
Fig. 14. εNd(t) vs. (87Sr/86Sr)i diagrams for Indosinian granites in South China and ad-
jacent areas. 1. Guikeng pluton; 2. Fucheng pluton; 3. plutons in the Darongshan–Shi-
wandashan belt of southeast Guangxi; 4. plutons of Groups 1 in Hunan Province; 5.
plutons of Group 2 in Hunan Province; 6. Hongseong, Namyang, and Yangpyeong plu-
tons in the Gyeonggi Massif, South Korea; 7. Jiazishan pluton in the Sulu Belt. The ﬁelds
correspond to the Yangtze lower crust, North China lower and upper crust, and upper
continental crust (Jahn et al., 1999), and crust-derived granites in SE China (Hong et al.,
2002). Data are from the following sources: Fucheng–Hongshan pluton: Yu et al., 2007;
six plutons in Hunan Province: Wang et al., 2007a, 2007b; Darongshan–Shiwandashan
plutons: Qi et al., 2007; Jiazishan pluton in the Sulu Belt: Gao et al., 2004 and Yang et al.,
2005; three plutons in the Gyeonggi Massif: Williams et al., 2009.
549J. Mao et al. / Lithos 127 (2011) 535–551et al., 2006; Zhong, 1998). Indosinian tectonism, as represented by
accretion related to collision of the Sibumasu Block with the Indo-
China Block and the South China Plate, occurred from 258±6 to
243±5 Ma, resulting in closure of the paleo-Tethys Ocean (Carter et
al., 2001; Lepvrier et al., 2004) and collision/compression-dominated
Indosinian orogenesis accompanied by crustal thickening. At the
northern margin of the Qinling–Dabie area, the Yangtze Plate sub-
ducted northward during the Early Triassic, and the peak metamor-
phism associated with collision between the North China and South
China blocks occurred at 230–226 Ma, slightly later than that at the
southwestern margin of South China (Ames et al., 1993; Hacker et
al., 1998; Li et al., 1993; Rowley et al., 1997; Sun et al., 2002; Zheng
et al., 2003). The occurrence of two tectonic events suggests that
the orogenic movement and intercontinental collision in South
China started during the early Indosinian.
The early Indosinian peraluminous granites in South China may
have resulted from intracontinental collision between the Yangtze
and Cathaysian basements (Wang et al., 2005a, 2005b).
Small-scale magmatic underplating produced the late Indosinian
metaluminous crust-derived granites with the involvement of ex-
tremely low amounts of newly mantle-derived magma after collision
among continental blocks in the South China Inland Belt. However,
the tectonic setting may have been post-collisional following collision
among continental blocks in Wuyi–Yunkai Mountain Range Belt,
accompanied by the formation of post-collisional aluminous crust-
derived granites.
Collision between the North China and the Yangtze blocks pro-
duced Indosinian magmatism in the Dabie–Sulu orogenic belt in
China and in the Gyeonggi Massif, Ogcheon Belt, and YeongnamMas-
sif in South Korea (Kwon et al., 2009). Indosinian magmatism in
South Korea occurred at a greater scale than that in the Sulu Belt,
and occurred in two stages: late-stage collision (231–225 Ma) and a
period of extension marked by uplift and denudation (219–208 Ma).
The extensional collapse which followed collision may have produced
the anorogenic alkalic A-type granites (Cho et al., 2008; Gao et al.,
2004; Williams et al., 2009; Yang et al., 2005), as seen in typical
post-collision granites worldwide (e.g., Himalayan and Hercynian
orogenic belts; Chung et al., 2005; Rottura et al., 1998; Sylvester,
1998). This Indosinian movement in South Korea is termed theSongrim Orogeny (Kobayashi, 1953; Lee, 1987). The Indosinian gran-
ites do not contain extension-related rock assemblages in the South
China Inland Belt or in the Wuyi–Yunkai Mountain Range Belt. Simi-
larly, strongly peraluminous granites (similar to those produced in
South China) have not been reported in the North China or Lower
Yangtze Blocks until now. The nature of the Precambrian metamor-
phic basement and its evolution differ between Cathaysia and South
Korea, although the lithospheric mantle of the North China Block is
in contrast to that of the South China Block. This observation is incon-
sistent with a tectonic link between the Ogcheon metamorphic belt in
South Korea and the Nanhua Basin in South China, as proposed by
Fitches and Zhu (2006), Kim et al. (2006, 2008), and Williams et al.
(2009) (Fig. 1a).
Indosinian magmatism in South Korea and the Sulu Belt is similar
in terms of age, rock assemblage, and source region; consequently,
the Ogcheon Belt and Yeongnam Massif in the southern part of
South Korea may be correlated with the Lower Yangtze Block.
Questions remain regarding the mechanism of large-scale Indosinian
magmatism in South Korea given the limited occurrence of Triassic
granites in the Sulu Belt, in which only the Jiazishan pluton on Jiaodong
Peninsula has been identiﬁed as Indosinian (Gao et al., 2004;
Yang et al., 2005). These questions remain to be addressed in a future
study.
10. Concluding remarks
The Guikeng pluton of theWuyi Mountain Belt consists of medium-
to ﬁne-grained biotite monzogranites and biotite granites in its
marginal belt, medium- to coarse-grained K-feldspar phenocryst-rich
biotite granites in its interior part, and late-stage ﬁne-grained musco-
vite granites. Granites with A/CNKN1.1 are peraluminous crust-derived
rocks that originated from late Paleo-proterozoic meta-sedimentary
basement rocks (1.7–2.0 Ga). Geochemical data suggest that rocks of
the marginal belt and the main part of the pluton originated from
two distinct magma sources. The ﬁne-grained muscovite granites
were produced by intensive differentiation of K-feldspar phenocryst-
rich biotite granites. The granites from the marginal belt and the
main part of the pluton yield ages of 234±3 and 220.4±3 Ma, respec-
tively, consistent with early and late Indosinian magmatism in South
China.
The peraluminous granites of South China may have resulted from
intracontinental collision-related transformation tectonic setting dur-
ing the early Indosinian. During the late Indosinian, metaluminous
crust-derived granites with the involvement of extremely low amounts
of the basaltic end member were produced in the South China Inland
Belt, and post-collisional aluminous crust-derived granites were gener-
ated in the Wuyi–Yunkai Mountain Belt. The Precambrian metamor-
phic basement and geodynamic evolution of the North China and
Lower Yangtze blocks are different to those in South China. As a result,
strongly peraluminous Mesozoic granites (similar to those of South
China) have not been reported from the North China and Lower Yang-
tze blocks, and extension-related rock assemblages derived from
enriched lithsopheric mantle during the Indosinian are scarce in
South China.
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